ABSTRACT: We have previously shown that the linkage of temperature-dependent protonation and DNA base unstacking equilibria contribute significantly to both the negative enthalpy change (∆H obs ) and the negative heat capacity change (∆C p,obs ) for Escherichia coli SSB homotetramer binding to single-stranded (ss) DNA. Using isothermal titration calorimetry we have now examined ∆H obs over a much wider temperature range (5-60°C) and as a function of monovalent salt concentration and type for SSB binding to (dT) 70 under solution conditions that favor the fully wrapped (SSB) 65 complex (monovalent salt concentration g0.20 M). Over this wider temperature range we observe a strongly temperature-dependent ∆C p,obs . The ∆H obs decreases as temperature increases from 5 to 35°C (∆C p,obs <0) but then increases at higher temperatures up to 60°C (∆C p,obs >0). Both salt concentration and anion type have large effects on ∆H obs and ∆C p,obs . These observations can be explained by a model in which SSB protein can undergo a temperature-and salt-dependent conformational transition (below 35°C), the midpoint of which shifts to higher temperature (above 35°C) for SSB bound to ssDNA. Anions bind weakly to free SSB, with the preference Br -> Cl -> F -, and these anions are then released upon binding ssDNA, affecting both ∆H obs and ∆C p,obs . We conclude that the experimentally measured values of ∆C p,obs for SSB binding to ssDNA cannot be explained solely on the basis of changes in accessible surface area (ASA) upon complex formation but rather result from a series of temperature-dependent equilibria (ion binding, protonation, and protein conformational changes) that are coupled to the SSB-ssDNA binding equilibrium. This is also likely true for many other protein-nucleic acid interactions.
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Obtaining an understanding of the molecular origins for stability and specificity of protein-nucleic acid interactions is a complex problem. Such interactions not only involve multiple networks of hydrogen bonds, salt bridges, and nonpolar interactions but also are accompanied by the coupled binding and/or release of small molecules, such as protons, salt ions, and water. These coupled binding equilibria will generally contribute significantly to the thermodynamics of protein-nucleic acid binding (∆G°, ∆H°, and ∆S°). For this reason, thermodynamic information obtained under only one set of solution conditions is generally of limited utility for understanding the origins of stability and specificity of any macromolecular interaction, including protein-nucleic acid binding.
We have been studying the thermodynamics of Escherichia coli SSB 1 protein binding to single-stranded (ss) nucleic acids (for reviews see refs 1-3) , a protein that is involved in DNA replication, recombination, and repair (4) . E. coli SSB protein is a stable homotetramer (4 × 18843 Da) (5) that can interact with ssDNA in multiple binding modes, depending on solution conditions and binding density. Two major binding modes have been characterized in vitro, referred to as (SSB) 65 and (SSB) 35 , where the subscript denotes the average number of ssDNA nucleotides occluded by each bound tetramer. The relative stabilities of these two binding modes are sensitive to solution conditions, especially monovalent salt concentration and type (with distinct effects due to both anion and cation type), divalent cations, polyamines, pH, and temperature (6) (7) (8) (9) (10) . High monovalent salt concentrations (>0.2 M NaCl) favor the low cooperativity (SSB) 65 mode in which ssDNA interacts with all four subunits and wraps around the tetramer, whereas at lower monovalent salt concentrations (<20 mM NaCl), the high cooperativity (SSB) 35 binding mode is favored in which ssDNA interacts with an average of only two subunits within the tetramer (2, 6, 7, (11) (12) (13) . Topologies for ssDNA wrapping around the homotetramer in both the (SSB) 65 and (SSB) 35 binding modes have been suggested on the basis of an X-ray crystal structure of a C-terminal truncation of SSB (SSBc tetramer) bound to two molecules of (dC) 35 (14) . The proposed structure of the (SSB) 65 complex is shown schematically in Figure 1 .
We have previously used isothermal titration calorimetry (ITC) to examine the effects of monovalent salt concentration and type, pH, and base composition on the enthalpy change (∆H obs ) for SSB binding to oligodeoxynucleotides (15) (16) (17) . SSB binding to ssDNA is accompanied by a large and negative ∆H obs [as large as ∼-150 kcal/mol for binding to (dT) 70 at <10 mM monovalent salt concentration] as well as a large and negative ∆C p,obs (16, 17) . The molecular basis for a negative ∆C p,obs in macromolecular interactions has been the subject of much interest and discussion (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , and several origins have been proposed: (1) net burial of nonpolar surfaces upon complexation (hydrophobic effect) (18, (20) (21) (22) , (2) changes in the vibrational modes of the macromolecules and participating water (18, 23, 26) , and (3) thermodynamic coupling of one or more binding or conformational equilibria to the main binding reaction of interest (16-19, 27, 28) .
Our studies of E. coli SSB binding to ssDNA have shown that temperature-dependent coupled equilibria contribute significantly to the observed ∆H obs as well as ∆C p,obs . For example, the ∆C p,obs for SSB binding to oligodeoxyadenylates [(dA) N ] is approximately 2-fold larger in magnitude than for binding to oligodeoxycytidylates [(dC) N ] or oligodeoxythymidylates [(dT) N ] (16). This effect results primarily from the fact that the bases within the ssDNA are relatively unstacked within an SSB-ssDNA complex, yet the bases within free (dA) N have a higher propensity to stack upon each other than do the bases within (dC) N and (dT) N . Disruption of these temperature-dependent stacking interactions upon binding of (dA) N to SSB contributes to ∆H obs in a temperature-dependent manner, resulting in contributions to ∆C p,obs , whereas such contributions are insignificant for binding of (dC) N or (dT) N . Another significant contribution to ∆C p,obs originates from the linkage of SSB protonation reactions that accompany formation of the SSB-ssDNA complex (16, 17, 29) . For oligo(dT)-SSB interactions this effect was estimated to contribute half of the measured ∆C p,obs (17) .
Other contributions to ∆C p,obs for the SSB-ssDNA interaction might potentially result from coupled interactions of salt ions with the protein and/or DNA or temperaturedependent conformational transitions within the protein. We have shown previously that there is a dramatic effect of monovalent salt concentration and anion type on ∆H obs for SSB-(dT) 70 binding at constant temperature (25°C) (15) . These effects were ascribed to weak binding of anions to the protein. We now report an investigation of the effects of monovalent salt concentration and type on the temperature dependences of ∆H obs for SSB-ssDNA binding at salt concentrations g0.20 M, where the protein binds in the fully wrapped (SSB) 65 binding mode. These studies were performed over a much wider temperature range (5-60°C) than were previous studies and demonstrate a significant temperature-dependent ∆C p,obs that is influenced substantially by anion-dependent effects.
MATERIALS AND METHODS
Reagents and Buffers. All solutions were prepared with reagent grade chemicals and glass-distilled water that was subsequently treated with a Milli Q (Millipore, Bedford, MA) water purification system. Buffer T is Tris [tris(hydroxymethyl)aminomethane], buffer H is Hepes (4-(hydroxyethyl)-1-piperazineethanesulfonic acid), and buffer B is Bicine [N,Nbis(2-hydroxyethyl)glycine]. All buffer concentrations were 10 mM and contained 0.1 mM Na 3 EDTA (ethylenediaminetetraacetic acid). The concentrations of NaF, NaCl, and NaBr in each buffer are specified in the text. For buffers used at low temperatures (5-35°C) the pH was adjusted to 8.1 at 25°C by titrating with 5 M NaOH (Hepes, Bicine) or 5 M HCl (Tris). Since the pK a and ∆H ion of the buffers are dependent on temperature, the final pH of the solution and ∆H ion of the buffers were calculated for each particular experimental temperature, T, as described (17, 30) (31) . For experiments at low temperatures (5-35°C), the resulting pH of the buffers varied over this temperature range from 8.7 to 7.8 for Tris and from 8.4 to 8.0 for Hepes, respectively. For the buffers used at high temperatures (40-60°C) the pH was adjusted at 25°C by titrating with 5 M NaOH (Hepes, Bicine) or 5 M HCl (Tris) so that the resulting pH at 50°C would be 8.1. The resulting pH of the buffers at high temperatures (40-60°C) varied over this temperature range from 8.3 to 7.9 for Tris and from 8.2 to 8.0 for Bicine, respectively. For the experiments shown in Figure 2D that were performed at low temperatures (5-35°C) in Hepes as a function of pH (buffers were prepared at 25°C having pH values of 6.5, 7.0, 7.5, and 8.4), the variation with temperature never exceeded 0.3 pH relative to the indicated pH at 25°C. The error in calculating the pH for a particular experiment is within (0.1 pH unit as estimated on the basis of direct measurements of the pH of the buffer at several temperatures.
E. coli SSB Protein and Nucleic Acids. SSB protein was purified as described (32) with the addition of a doublestranded DNA-cellulose column to remove a minor exonuclease contaminant (33) . SSB protein concentration was determined spectrophotometrically in buffer T plus 0.20 M NaCl using the extinction coefficient 280 ) 1.13 × 10 5 M -1
(tetramer) cm -1 (6) . The SSB tetramer is stable at all protein concentrations, NaCl, NaBr, and NaF concentrations (15, 27, 34) , and temperatures up to 58°C (partial unfolding of the protein at higher temperatures is discussed in the text). The oligodeoxynucleotide (dT) 70 was synthesized and purified as described (13) and was g98% pure as judged by denaturing gel electrophoresis and autoradiography of a FIGURE 1: Structural model for an SSB tetramer bound to a ssDNA (gray ribbon) of 70 nucleotides in the fully wrapped (SSB) 65 binding mode, based on an X-ray crystallographic structure of the SSBc tetramer bound to two molecules of (dC) 35 (14) .
sample that was 5′ end-labeled with 32 P using polynucleotide kinase. Concentrations of (dT) 70 were determined spectrophotometrically in buffer T (pH 8.1) and 0.1 M NaCl using the extinction coefficient 260 ) 8.1 × 10 3 M -1 (nucleotide) cm -1 (35) . All SSB and (dT) 70 samples were dialyzed extensively against the identical buffer at the indicated salt concentration that was used in each ITC experiment.
Isothermal Titration Calorimetry (ITC) . ITC experiments were performed using both an OMEGA titration microcalorimeter and VP-ITC titration microcalorimeter (MicroCal Inc., Northhampton, MA) (36) . For the SSB-(dT) 70 interaction we have shown previously that ∆H obs is independent of protein and DNA concentrations and the order of titration (15, 37) . Generally, experiments were carried out by titrating SSB solutions (0.25-1.2 µM tetramer) with oligodeoxynucleotide (generally stock concentrations ranging from 5 to 30 µM). Lower concentrations of SSB protein (0.25-0.5 µM tetramer) had to be used in experiments in buffers containing NaF due to the lowered solubility of SSB protein with increasing [NaF] . The heats of dilution obtained from reference titrations of DNA into buffer were independent of DNA concentration at all salt conditions and temperatures. All corrections for heats of dilution were applied as described previously (15) .
The equilibrium binding constant of SSB tetramer for (dT) 70 is too high to be measured accurately by ITC under most of the solution conditions used in our studies. Only stoichiometric binding [1 tetramer per (dT) 70 ] is observed at all [NaCl] studied (0.2-2.0 M) and at [NaBr] <1 M. Therefore, under these conditions only ∆H obs can be measured accurately as described (15, 37) . At [NaBr] >1 M the equilibrium association constant (K obs ) for SSB binding to (dT) 70 is lowered into a range that can be measured accurately. Values of ∆H obs and K obs (where it was possible to measure) for SSB binding to (dT) 70 were obtained by fitting the experimental binding isotherm to a 1:1 interaction model as described (15) . Nonlinear least-squares fitting of the data was performed using the "ITC Data Analysis in Origin" software provided by the manufacturer. Fitting of the data and simulations were performed using the scheme in Figure 7 and eqs 5a-d (see Appendix) using the nonlinear regression package in Scientist (MicroMath Scientific Software, Salt Lake City, UT). All uncertainties reported are at the 68% confidence level (one standard deviation). All experimental values of ∆H′ obs (see below) shown in Figures  3 and 6A ,B are available online through the Binding Database (http://www.bindingdb.org/bind/index.jsp).
Corrections for Contributions to ∆H′ obs Due to Proton Release from the Buffer and Protonation Which Accompanies Formation of the SSB-(dT) 70 Complex. As in our previous studies (16, 17) we use a "prime" (∆H′ obs ) to designate experimental values of ∆H obs determined in a particular buffer, which include contributions from the heat of ionization of the buffer due to the linked protonation reactions that accompany (dT) 70 where ∆H obs,corr is the observed enthalpy change for SSBssDNA binding and ∆H app,prot is the related enthalpic contribution due to protonation of the ionizable group (or groups) on the protein or DNA upon complex formation. Note that ∆H app,prot in eq 2 is a function of pH and temperature and cannot be determined in a model-independent manner.
For the corrections due to buffer ionization (∆n H + ∆H ion in eq 1) and coupled protonation reactions (∆H app,prot in eq 2), we used the protonation model described in previous studies of 1:1 binding of SSB to (dT) 35 , in which (dT) 35 interacts with an average of only two subunits of the SSB tetramer (17) . It was established that a net protonation of SSB occurs upon (dT) 35 binding over a broad pH range (5.0-10.0), with contributions from at least three sets of protonation sites with pK a1 ) 5.9-6.6, pK a2 ) 8.2-8.4, and pK a3 ) 10.2-10.3 at 25°C (pK ai values for the first set decrease slightly and for the second and third sets increase with increasing [NaCl] from 0.02 to 1.0 M). The number of protonation sites (n i ), pK ai , and ∆H i values for each set (i ) 1, 2, 3) have been determined at the reference temperature of 25°C based on global fitting of the experimental values of ∆H′ obs obtained in different buffers varying in pH and temperature (17) . The second and the third sets of protonation sites appear to correspond to the N-terminal R-amino group and four lysine residues of each SSB subunit interacting with (dT) 35 . We have been unable to identify the amino acids involved in the first set of protonation sites (pK a1 ) 5.9-6.6), although on the basis of their low protonation enthalpy (-0.4 to -1.8 kcal/mol) these might be carboxylate groups of glutamic and/or aspartic acids, with a higher than expected pK a resulting from complexation with (dT) 35 .
In the present study we show that the same model can adequately describe the protonation effects for the formation of the 1:1 molar complex of SSB tetramer bound to (dT) 70 , if we account for the fact that the longer (dT) 70 interacts with all four SSB subunits (6, 14, 39, 40 ) (see Results section). Therefore, by simply multiplying the number of protonation sites for each set (n i ) by a factor of 2, while maintaining the values of the remaining parameters (pK ai and ∆H i ) the same as for the SSB-(dT) 35 (17) .
The parameters used to correct the values of ∆H′ obs to obtain ∆H obs are presented in Table 1 and were adapted from our studies of SSB-(dT) 35 (17) . We used the parameters determined in 0.20 M NaCl to correct all values of ∆H′ obs obtained at 0.20 M monovalent salt independent of monovalent salt type (NaCl, NaBr, NaF) and the parameters determined in 1.0 M NaCl to correct the values of ∆H′ obs obtained at salt concentrations g1.0 M for data in both NaCl and NaBr. Although little difference was observed (within our uncertainties) between the parameters determined at 0.2 and 1.0 M NaCl, we used the exact values for consistency. We made one change in the value of ∆H c,1 , which was averaged to -1 kcal/mol. In addition, since in the original study (17) no parameters were determined for the third set of protonation sites at 1.0 M NaCl due to difficulties in the determination of ∆H′ obs at high pH, we used the parameters obtained in 0.20 M NaCl for these high salt calculations, using ∆H f,3 ) -10 kcal/mol, as expected for the protonation of lysine (41, 42) . Finally, we note that the contribution to the overall protonation effects from the second set of protonation sites always dominates under the conditions used in the experiments reported here, whereas the contribution from the first and the third set of sites is smaller, not exceeding 10%. 70 Binding at Low Temperature (5-35°C) Is Influenced by pH, MonoValent Salt Concentration, and Anion Type. Fluorescence (27, 43) and ITC (15) studies show that, at monovalent salt concentrations g0.20 M, an SSB tetramer binds one molecule of (dT) 70 in the (SSB) 65 binding mode such that ssDNA wraps around all four subunits (see Figure 1 ) (14, 44) . At 25°C, the binding interaction is characterized by a very large and negative enthalpy change (∆H′ obs ) that is dependent on monovalent salt concentration and anion type (15) . Under the same conditions, an SSB tetramer can bind two molecules of (dT) 35 , each interacting with two subunits, although with a salt-dependent negative cooperativity (15, 39, 40) . ITC studies of (dT) 35 binding to SSB tetramers show that binding of the first (dT) 35 molecule is stoichiometric (the binding constant is too high to measure) and is characterized by large negative values of ∆H obs and ∆C p,obs (5-35°C), with contributions from coupled protonation (16, 17) .
RESULTS

Temperature Dependence of ∆H′ obs for SSB-(dT)
Here we examine, using ITC, the effects of pH and monovalent salt concentration and type on the enthalpy and heat capacity change for SSB tetramer binding to (dT) 70 in its (SSB) 65 , indicating that the observed heat capacity change (∆C′ p,obs ) is negative and fairly constant. However, as the temperature increases above 25°C, a deviation from linearity becomes obvious, indicating that ∆C′ p,obs decreases in magnitude.
The effect of NaBr and NaCl concentraton on the magnitude of ∆H′ obs is clearly observable at all temperatures examined. Less negative values of ∆H′ obs are observed in both Tris and Hepes buffers as the salt concentration increases (on average, the shift upon changing from 0.20 to 2.0 M is approximately 40-45 kcal/mol and 45-48 kcal/ mol in NaBr and NaCl, respectively). On the other hand, Table  2 , columns 5 and 6, respectively). However, this trend is reversed in NaBr, such that ∆C′ p,obs increases slightly with increasing [NaBr] from -1.03 ( 0.03 to -0.89 ( 0.11 kcal mol -1 K -1 in Tris buffer and from -1.14 ( 0.11 to -0.82 ( 0.09 kcal mol -1 K -1 in Hepes over the same salt concentration range (Table 2 , columns 8 and 9).
The data in Figure 3A ,B show a clear effect of anion type on both ∆H′ obs and ∆C′ p,obs . At the same salt concentrations, the values of ∆H′ obs obtained in NaBr are less negative by approximately 6-13 kcal/mol than the values in NaCl. Likewise, except for the data at 2.0 M salt, the magnitude of ∆C′ p,obs increases slightly upon switching from NaCl to NaBr (see Table 2 ). The most pronounced effect of anion type is observed at 0.20 M monovalent salt (see Figure 3C and Table 2 ). The overall decrease in the magnitude of ∆H′ obs ranges from 23 to 32 kcal/mol upon replacing F -with Cl -and then Br -, with a concomitant increase in the magnitude of ∆C′ p,obs . The corresponding values of ∆C′ p,obs decrease from -0.67 ( 0.11 to -1.03 ( 0.05 kcal mol -1 K -1 in Tris and from -0.81 ( 0.06 to -1.14 ( 0.11 kcal mol -1 K -1 in Hepes (see Table 2 , line 3).
The data in Figure 3A -C indicate that the values of ∆H′ obs and ∆C′ p,obs are also dependent on the nature of the buffer (see also Table 2 ). Both ∆H′ obs and ∆C′ p,obs determined in Hepes are larger in magnitude and more negative than those determined in Tris, in agreement with our previous studies of SSB binding to (dT) 35 (17) , and suggest that significant protonation accompanies formation of the SSB-(dT) 70 complex. Further support for this conclusion comes from experiments performed in Hepes buffer at 0.20 M NaBr with the pH varying from 6.48 to 8.43 (see Figure 3D ), which show that both ∆H′ obs and ∆C′ p,obs increase in magnitude as the pH increases.
Correction of ∆H′ obs for SSB-(dT) 70 Binding Due to Contributions from Buffer Ionization and Protonation Effects. The values of ∆H′ obs presented in Figure 3 were corrected for contributions from buffer ionization and protonation of SSB using eq 3 and the parameters listed in Table 1 ([salt] ) 0.20 M and [salt] g 1.0 M) (17) . As discussed in Materials and Methods, we have extended the model presented previously (17) describing protonation of a 1:1 SSB-(dT) 35 complex, in which (dT) 35 interacts with an average of only two SSB subunits, and apply it to describe the protonation accompanying formation of a 1:1 SSB-(dT) 70 complex in which (dT) 70 interacts with all four SSB subunits. We assume that each SSB subunit contains identical sets of protonation sites that contribute equally to the SSB-ssDNA interaction and thus simply multiply by two the number of protonation sites determined in our studies of the SSB-(dT) 35 interaction. This assumption seems appropriate on the basis of the following experimental observations. First, the binding of a second (dT) 35 molecule to the SSB tetramer is characterized by the same protonation effects as the binding of the first (dT) 35 . Second, the overall protonation effect for the binding of two (dT) 35 molecules to the SSB tetramer is identical to the effect of binding one (dT) 70 molecule.
We determined the number of protons absorbed upon binding of the first (∆n 1,H + ) and the second (∆n 2,H + ) molecule of (dT) 35 to the SSB tetramer using two approaches. In the first model-independent approach we measured values of ∆H′ obs,1 using ITC for (dT) 35 -SSB binding in 1.0 M NaCl over a broad pH range at 25°C (some of these data are from ref 17) . Values of ∆H′ obs,1 were measured at constant pH, using a series of buffers differing in ∆H ion . In these experiments, we can only determine ∆H′ obs,1 (not K obs ) for the binding of the first (dT) 35 molecule, since binding is stoichiometric under most of the conditions examined. Analysis of the dependence of ∆H′ obs,1 on ∆H ion according to eq 1 for experiments performed at several pH values yields the dependence of ∆n 1,H + on pH, which is shown as the open squares in Figure 4A . In the second approach, we used eq 3b and the model-dependent parameters obtained from a global fit of the pH dependence of ∆H′ obs,1 published previously (17) . The predicted values of ∆n 1,H + and their dependence on pH are shown as a dashed line in Figure 3A . This comparison shows that the model-dependent and modelindependent values agree very well.
Unfortunately, construction of the dependence of ∆n 2,H + on pH for the binding of the second (dT) 35 70 ), after subtraction of the heats of dilution obtained from a blank titration of (dT) 70 into buffer. The continuous curve shows the best fit of the data to a 1:1 binding model with n ) 1.03 ( 0.01 and ∆H ) -81.93 ( 0.80 kcal/mol. The affinity of (dT) 70 is too high to measure under these conditions. A minimum estimate of K ) 9 × 10 10 M -1 was used for the simulation in (B).
pH in Figure 4B , with a polynomial function describing the data shown as a smooth curve. The values of k 2 decrease with increasing pH, indicating that protons are absorbed upon (dT) 35 binding to SSB over the entire pH range. Since the absolute value of the slope of the curve at a specified pH defines the average number of protons absorbed upon binding of the second molecule of (dT) 35 to SSB (i.e., d log k 2 /dpH ) -∆n 2H + ), we can obtain the dependence of ∆n 2H + on pH for binding of the second (dT) 35 molecule by estimating the slope as a function of pH using the smooth curve in Figure  4B . This dependence is shown as a solid line in Figure 4A . Clearly, the dependences of ∆n 1H
+ and ∆n 2H + on pH agree very well, except at the extremes of the pH range where the uncertainties from the second method are significantly higher.
According to Figure 4A , the binding of two (dT) 35 molecules to the SSB tetramer at pH 8.1 is accompanied by absorption of approximately 0.8 × 2 ) 1.6 protons. For the same conditions (1 M NaCl, pH 8.1), model-independent analyses of ∆H′ obs obtained in Tris and Hepes buffers for (dT) 70 -SSB binding using eq 1 indicate ∆n H + ) 1.60 ( 0.22 (see Table 3 ). Similar estimates based on the data obtained in Tris and Hepes buffers (25°C, pH 8.1) at different concentrations of NaF, NaCl, and NaBr are presented in 35 molecule appears to be accompanied by protonation of identical sites on each Figure 3 after correction for buffer ionization and protonation effects using eqs 3) are shown in Figure 5 . These values of ∆H obs,corr are independent of pH [and represent the values for the hypothetical binding of (dT) 70 to SSB, where the second and third set of sites are protonated near pH 7 (17)]. As such, these values of ∆H obs,corr depend only on temperature and salt concentration and type, regardless of whether they were obtained in Tris or Hepes buffers or at a different pH. Table 2 .
The data in Figure 5 show a significant decrease in the magnitude of ∆H obs,corr (≈40-45 kcal/mol) as the salt concentration increases from 0.20 to 2.0 M (Figure 5A,B) . The magnitude of ∆H obs,corr also changes with monovalent anion type. The overall drop in magnitude of ∆H obs,corr is approximately 26-28 kcal/mol in proceeding from NaF to NaCl to NaBr ( Figure 5C ). At the same time the values of ∆C p,corr (estimated from the slopes of the plots) are all negative but increase in magnitude following the same anion series with values of -(0.64 ( 0.05), -(0.82 ( 0.05), and -(1.01 ( 0.05) cal mol -1 K -1 in NaF, NaCl, and NaBr, respectively (see Table 2 ). The data in Table 2 Figure 5 reveals that nearly all of the data begin to deviate from a linear dependence on temperature above 30°C, such that ∆C p,corr decreases in magnitude, becoming less negative. Since such nonlinear behavior is not the result of linked protonation reactions, it must result from other processes, such as temperature-dependent conformational transitions within the protein or the DNA, which are linked to binding and therefore contribute to ∆H obs in a temperature-dependent manner (16, 19, 38) . To investigate this possibility, we extended our studies to higher temperatures.
SSB-(dT) 70 Binding at High Temperatures (35-60°C) Displays a PositiVe ∆C p,obs . A series of calorimetric titrations of SSB with (dT) 70 were performed at 0.20 M NaF, NaCl, and NaBr in the temperature range from 30 to 62.5°C in Bicine and Tris buffers (pH 8.1 at 50°C). At temperatures below 60°C, the SSB tetramer is stable, based on DSC data obtained under similar conditions (unpublished data). However, these data show a noticeable increase in partial molar heat capacity at temperatures above 60°C, reflecting the onset of partial SSB unfolding. The unfolding transition occurs between 65 and 73°C, showing a sharp asymmetric peak with a maximum at 70-71°C. The unfolding is irreversible and results in aggregation of the protein, although reversibility is observed if the temperature does not exceed 65°C.
In our SSB-(dT) 70 binding experiments we examined temperatures up to 62.5°C. Any loss of active protein due to unfolding and/or aggregation would be reflected in a decrease in the apparent binding stoichiometry for the SSB-(dT) 70 interaction. At low temperatures, we consistently observe a stoichiometry of 1.00 ( 0.04. However, this value decreases ∼10% for experiments performed in NaCl at 62.5°C
and ∼10-20% in NaF at T g 55°C, reflecting the possible loss of a corresponding fraction of the protein due to unfolding and/or aggregation. In fact, for the ITC experiments performed in NaF (T g 55°C), the stability of the observed signal decreases somewhat, possibly due to the presence of some amount of aggregated protein in the calorimetric cell. As a result, the values of ∆H′ obs determined from these data have larger uncertainties (see Figure 6B) .
As with the ITC experiments at low temperature, those performed at higher temperatures show stoichiometric binding under most conditions, indicating that the equilibrium binding constant is too high to be determined accurately.
Reliable estimates of the binding constant can only be made in 0.20 M NaBr at T g 55°C or in 0.20 M NaCl at T g 60°C . This is consistent with previous studies showing that the affinity of SSB for poly(U) (29, 37) increases upon changing the anion from Br -to Cl -to F -. The data obtained at higher temperatures in Tris and Bicine buffers along with the data for lower temperatures in Tris and Hepes buffers are shown in panels A and B of Figure 6 for titrations performed in 0.20 M NaCl and 0.20 M NaF, respectively. At T > 40°C, ∆H′ obs increases (becomes less negative) with increasing temperature, indicating that ∆C′ p,obs > 0. As the temperature exceeds 58°C an abrupt change to a more negative ∆H′ obs is observed, suggesting that the free SSB protein begins to unfold, but refolds upon binding DNA, which makes an exothermic contribution to the observed enthalpy change.
As at lower temperatures, significant protonation accompanies SSB-(dT) 70 binding as judged from the shift in ∆H′ obs at each temperature for experiments performed in Tris vs Bicine buffers ( Figure 6A,B) . The number of protons absorbed upon complex formation can be calculated at 50°C (pH 8.1) in a model-independent manner using eq 1, yielding 3.41 ( 0.32 and 3.24 ( 0.32 in NaCl and NaF, respectively. These are at least 2-fold higher than the values determined in the same manner at 25°C at the same pH of 8.1 (see Table 3 ). This is due to the fact that a larger fraction of protons dissociates from the free protein at the elevated temperatures and these must be absorbed upon SSB binding to the ssDNA. A model-dependent value of ∆n H + ) 3.43 can be calculated using eq 3 at 50°C (pH 8.1), in good agreement with the model-independent values. This indicates that we can use the same model and parameters (Table 1) at these higher temperatures to correct ∆H′ obs for contributions from buffer ionization and protonation as we used to correct the data at lower temperatures. Indeed, after applying these corrections to the data obtained in Tris and Bicine buffers (Figure 6 A,B) , the values of ∆H obs,corr are in very good agreement (see Figure 6C) .
All of the corrected data (∆H obs,corr ) obtained in 0.20 M NaF, NaCl, and NaBr over the entire temperature range 5-62.5°C are shown in Figure 6C . These results indicate that the observed heat capacity changes for the SSB-(dT) 70 interaction are not constant but rather are dependent on temperature. At low temperatures (5-25°C) ∆H obs,corr decreases almost linearly with increasing temperature (∆C p,obs,corr < 0) but then starts to deviate toward less negative values going through a minimum near 35-40°C (∆C p,obs,corr ) 0). Upon further increases in temperature, ∆H obs,corr increases (∆C p,obs,corr > 0) up to approximately 57-60°C but then decreases sharply, likely due to the onset of partial unfolding of the SSB protein. This positive heat capacity change may be due to the effects of a linked temperature-dependent conformational transition within the SSB tetramer, assuming that both free SSB and SSB in complex with (dT) 70 can undergo such a conformation change (see Discussion section). It is also obvious from the data in Figure 6C that the type of anion affects the magnitude of the observed enthalpy change as well as the observed heat capacity change.
DISCUSSION
There has been much interest in understanding the molecular origins of heat capacity changes accompanying protein-DNA interactions and macromolecular interactions in general (16-18, 20-23, 25-27, 45-51) . Most discussions have focused on apparent correlations between changes in accessible polar and nonpolar surface area that accompany macromolecular binding (20-22, 45) . However, such approaches have often ignored the fact that heat capacity changes can generally be dependent on solution conditions (see introduction). In addition, the use of static structures for such calculations ignores the fact that temperaturedependent changes in the ensemble of conformational states populated by the free and bound macromolecules will also contribute to a heat capacity change. Furthermore, the thermodynamic parameters associated with any macromolecular interaction, including protein-nucleic acid interactions, are influenced not only by the net formation of contacts that occur between them (e.g., hydrogen bonds, salt bridges, hydrophobic and van der Waals contacts) but also by the differential binding of low molecular weight solutes (e.g., water, ions, protons, osmolytes). For these reasons, although the suggestion that changes in accessible polar and nonpolar surface area might correlate with observed heat capacity changes for macromolecular interactions was an important contribution to the development of this field, numerous experimental studies now suggest that such correlations do not apply generally (26, 46-49, 51, 52) . Thus, it is clear that changes in accessible surface area do not make the sole contribution to ∆C p,obs and may not even be dominant. As a dramatic example, the results reported here show that the heat capacity change for E. coli SSB binding to (dT) 70 is extremely dependent upon temperature, as well as salt concentration and type, with the very sign of ∆C p,obs changing with temperature. Hence, any attempt to explain ∆C p,obs solely in terms of changes in accessible surface area cannot possibly succeed since all of these calculations predict a constant value for ∆C p,obs (20) (21) (22) 45) .
For the reasons mentioned above, assessments of the molecular contributions to the thermodynamic properties of any macromolecular interaction require systematic experimental studies over a wide range of solution conditions. Unfortunately, few macromolecular systems have been studied in such detail to allow a serious investigation of the possible contributions to observed heat capacity changes. We have undertaken systematic studies of E. coli SSB tetramer binding to ssDNA in an attempt to define the molecular bases for the thermodynamic changes associated with this system, especially the large enthalpy and heat capacity changes. We have previously shown significant effects of adenine base stacking (16, 27) and coupled protonation (17) on ∆C p,obs for SSB binding to (dT) N and (dA) N . Here we have shown that there are also significant effects of monovalent anion concentration and type as well as contributions from conformational transitions within the SSB protein to both ∆C p,obs and ∆H obs for SSB-(dT) 70 binding. These data also demonstrate a dramatic reversal of the sign of the heat capacity change with temperature for a protein-nucleic acid binding interaction.
A Model Linking SSB-ssDNA Binding to Anion Binding and Protein Conformational Transitions. The major results of our study show that at any salt concentration and type ∆H obs is a nonlinear function of temperature. For the data obtained in 0.20 M salts (Figure 6C ), the initial decrease in ∆H obs with increasing temperature (∆C p,obs < 0) is followed by an increase (∆C p,obs > 0), with ∆H obs passing through a minimum at 35-40°C. Such a temperature-dependent ∆C p,obs could reflect a temperature-dependent conformational transition within the SSB protein or the ssDNA that is linked to the main binding equilibrium. In fact, a sigmoidal dependence of ∆H obs on temperature is expected if one of the interacting species undergoes a conformational transition in only one of its end states (unligated or ligated state), whereas a bell-shaped dependence (with a minimum or maximum) is expected if one of the interacting species undergoes conformational transitions in both end states (19, 38, 53, 54) . The system under study here is SSB binding to (dT) 70 . In contrast to a ssDNA such as (dA) N , which displays significant temperature-dependent base stacking/unstacking equilibria that can contribute significantly to ∆C p,obs (16) , (dT) 70 does not display significant temperature-dependent changes in base stacking in solution. Thus, we hypothesize that the observed temperature-dependent ∆C p,obs results from one or more temperature-dependent conformational transitions within the SSB protein and SSB-(dT) 70 complex as depicted in Figure 7 , although contributions from the (dT) 70 cannot be ruled out.
Increasing monovalent salt concentration affects the magnitude of ∆H obs , causing it to become less negative, but also affects ∆C p,obs (see Figure 5 and Table 2 ). These effects increase upon replacing F -with Cl -and then with Br -(see Figure 6 ). We have not observed any significant effects of [NaF] on ∆H obs (15) , consistent with the fact that F -does not interact well with most proteins since it remains highly hydrated (34, 35, 55, 56) . Hence, the dependence of ∆H obs on temperature obtained in 0.20 M NaF ( Figure 6C , lower curve) could reflect any intrinsic heat capacity changes (e.g., due to changes in ASA) as well as any conformational transitions within the free SSB protein and its DNA complex (see Figure 7 ). In the model discussed here, we suggest that the decrease in ∆H obs with increasing temperature at low temperatures reflects a transition within SSB from M 0 (which is the reference state for ssDNA binding) to M 1 , defined by parameters T f and ∆H f , although changes in ASA could also contribute. We ascribe the increase in ∆H obs with increasing temperature (T > 35°C) to a transition within the SSB-DNA complex (M 0 D f M 1 D), defined by parameters T c and ∆H c (T c > T f ). To explain the abrupt drop in ∆H obs at temperatures above 58°C, we introduce the additional equilibrium M 1 f M u , which corresponds to SSB unfolding defined by the parameters K u and ∆H u . For formation of the M 0 D complex, we assume ∆H 0 , 0. It also seems reasonable to suggest that ∆H f and ∆H c > 0, since partial unfolding of flexible elements within the SSB structure that are involved in its interaction with ssDNA [e.g., the L 4-5 and L 2-3 loops or R-helices 3-4 (14)] can be expected as the temperature increases. For simplicity, our model neglects any contributions from ∆C p,0 , ∆C p,f , ∆C p,c , and ∆C p,u , although changes in ASA could also contribute to these intrinsic heat capacity changes.
To explain the effects of salt concentration and type on ∆H obs , we introduce two additional equilibria in the scheme in Figure 7 . Since there is no direct information on anion binding to SSB, we assume a simple model of anion binding to n independent and identical sites on the free protein. The corresponding association constants and enthalpy changes are K 0A , K 1A and ∆H 0A , ∆H 1A for anion binding to both forms, M 0 and M 1 , respectively. We assign negative values to ∆H 0A and ∆H 1A , since binding of the ssDNA will displace anions into solution, resulting in positive contributions to ∆H obs as observed experimentally.
Using eq 5a, which is derived from the scheme in Figure  7 , and the parameters shown in Table 4 , we simulated the dependences of ∆H obs on temperature and salt concentration (details of the derivation of eq 5a and the procedure of finding optimal parameters are described in the Appendix). These predictions are shown in Figure 8 (solid lines) and are superimposed on the experimental data. These simulations reproduce the observed effects of anion type ( Figure  8A ) and salt concentration ( Figure 8B,C) , indicating that the linkage model presented in Figure 7 adequately describes all of the experimental data. Although not all of the parameters required for these simulations (see Table 4 ) are well constrained and thus a range of values yields equally good results, these simulations indicate that the model presented in Figure 7 provides a possible explanation for our observations with the SSB-(dT) 70 system, including the reversal of sign for ∆C p,obs .
A model similar to the scheme in Figure 7 (i.e., a temperature-dependent conformational transition within the protein-DNA complex) was used to explain the positive heat capacity change observed at low temperature for a mutant of Sac7d binding to poly(dGdC) (28) . However, for this system a negative ∆C p,obs was observed for the wild-type Sac7d protein-DNA interaction and was interpreted as reflecting changes in accessible surface area. Figure 8 ) According to Figure 7 and Equations 5a-d parameters reflecting conformational transitions within a free SSB and its 1:1 complex with (dT)70 parameters reflecting anion binding to free SSB
The SSB-(dT) 70 system displays similar behavior to that of mutant Sac7d in the temperature range from 40 to 62.5°C
, which we also ascribe to a conformational transition within the protein-DNA complex and to protein unfolding. However, we assume that the same temperature-dependent conformational change occurs within the free protein (at a lower T) and that this contributes to the reversal of the sign of ∆C p,obs at temperatures below 40°C. We suggest that this transition might reflect a temperature-dependent partial unfolding of R-helices (which refold upon ssDNA binding) as follows. Inspection of the SSB structure indicates that four R-helices are involved in interactions with ssDNA (14) , whereas in free SSB these do not appear to form any contacts with the rest of the tetramer. Recent differential scanning calorimetric (DSC) studies of a series of helical peptides (57) revealed that the helix-coil transitions occur noncooperatively at relatively low temperatures (<40°C) and with enthalpy changes of approximately 1 kcal/mol of residue. DSC profiles for free SSB protein (data not shown) show a nonlinear decrease of the partial molar heat capacity at temperatures below 35°C, similar to those observed for helical peptides (57) , which might be related to an unfolding of helical elements within SSB. In fact, the complete unfolding of four SSB helices (10 amino acids each) would result in an enthalpic change of ≈40 kcal/mol. A conformational change requiring only half of that enthalpic change (∆H f ≈ 20 kcal/mol; see Table 4 ) can explain the SSB-(dT) 70 data reported here. Further investigations will be required to test this hypothesis. It is also possible that part of the negative heat capacity change observed at low temperatures could have contributions from changes in nonpolar accessible surface area.
The positive heat capacity change observed at high temperatures could also have contributions from temperaturedependent changes in how the wrapped (dT) 70 is phased around the SSB tetramer. Since SSB is a nonspecific DNA binding protein, then it is not likely that all of the (dT) 70 in the ensemble of complexes is phased [i.e., all SSB-(dT) 70 complexes will not have the 3′ and 5′ ends of the (dT) 70 at the same position within each tetramer]. If this is the case and the relative distribution of phased (dT) 70 within the ensemble of complexes changes with temperature, then this could yield a positive heat capacity of binding. At this point, we have no information of this distribution or whether it changes with temperature. On the other hand, since one can clearly see electron density of much of the ssDNA in the crystal structure of tetrameric (SSB)c bound to two molecules of (dC) 35 (14) , the majority of the ssDNA must be phased under those conditions. Hence, this explanation may not apply.
Estimates of the Various Contributions to ∆C p,obs for the SSB-(dT) 70 Interaction. It is informative to calculate the individual contributions to ∆C p,obs due to coupled protonation reactions, anion binding, and the hypothesized protein FIGURE 8: Predicted effects of salt concentration and type on the observed enthalpy (∆H obs ) and heat capacity change (∆C p,obs ) for SSB-(dT) 70 binding based on the scheme in Figure 7 . Solid lines are simulated using eqs 5a-d and the parameters in Table 4 . Effects of anion type (panel A) and NaCl and NaBr concentration (panels B and C, respectively). (D) Predicted dependence of ∆C p on NaBr and NaCl concentrations at 15°C. conformational transition. Of course, due to the fact that ∆C p,obs is temperature dependent, this decomposition will also be influenced by temperature. Therefore, the following discussion applies to the low-temperature range (5-25°C) where the dependences of ∆H obs on temperature are nearly linear and where the overall ∆C p,obs is negative. First, on the basis of the parameters in Table 1 and eq 3c, we can estimate the contribution to ∆C p,obs due to protonation by simulating values of ∆H app,prot over the temperature range 5-25°C and determining the slope of this dependence, which is very nearly linear. This yields ∆C p,prot ) -0.52 and -0.58 kcal mol -1 K -1 at 0.20 M and higher salt concentrations, respectively (see Table 5 ). The contribution due to the proposed temperature-dependent SSB conformational change was obtained in a similar manner using eq 5b and the parameters in Table 4 (no salt effects were considered) and yields ∆C p,conf ) -0.55 kcal mol -1 K -1 .
The contributions due to changes in salt concentration and type (∆C p,salt ) were estimated by subtracting the contribution ∆C p,conf ) -0.55 kcal mol -1 K -1 from ∆C p,obs determined from the slope of the dependences simulated within the range 5-25°C using eq 5a and the parameters in Table 4 (solid lines in Figure 8A-C) . The experimental values of ∆C p,salt,exp were calculated (see Table 5 ) as the difference (∆C p,corr,A -∆C p,corr,F ), where ∆C p,corr,A is the value at the corresponding NaCl or NaBr concentration from Table 2 and ∆C p,corr,F ) -0.64 kcal mol -1 K -1 is the value estimated for the proposed conformational transition within the free protein in this temperature range. As seen from Table 5 . These agree reasonably well considering the experimental uncertainties. Therefore, as we see from Table 5 , the contribution to ∆C p,obs at low temperatures from each coupled equilibrium can be as much as -0.5 kcal mol
, yielding a total of -1.5 kcal mol -1 K -1 .
Recall that for simplicity our analysis neglected ∆C p,0 (i.e., the intrinsic heat capacity change for the formation of the SSB-ssDNA complex in the reference state, M 0 D). In fact, we cannot rule out the possibility that part of the lowtemperature negative ∆C p,obs results from an intrinsic ∆C p,0 , originating from a change in nonpolar accessible surface area. Unfortunately, we are not able to estimate this contribution on the basis of changes in accessible surface area since the available structural data are incomplete [for the complex in particular, which is missing a number of ssDNA fragments (14) ]. It is also difficult to know how to model the ensemble of structures for the free ssDNA, and there is limited model compound data available to calculate the contributions to ∆C p,obs due to burial of ssDNA within a protein. However, we note that inclusion of this term in the analysis would affect mostly the parameters reflecting the conformational transitions within the free protein (∆H f ) and complex (∆H c ), with little effect on the parameters describing anion binding.
The model in Figure 7 explains why the observed values for ∆C p increase in magnitude with increasing [NaCl] but decrease with increasing [NaBr] (see Table 2 ). An expression for the dependence of ∆C p,obs on anion concentration, [A -], and temperature can be obtained by differentiating eq 5a with respect to temperature. From this, the dependences of ∆C p,obs on salt concentration can be constructed at any chosen temperature. Figure 8D shows predictions of the dependences of ∆C p,obs on NaF, NaBr, and NaF at 15°C based on the model in Figure 7 and the parameters in Table 4 . Since we assume no interaction of F -with SSB, the constant value of ∆C p,NaF ) -0.6 kcal mol -1 K -1 should reflect only contributions from the conformational transition, M 0 f M 1 , or changes in nonpolar accessible surface area. These simulations predict a bell-shaped curve for NaCl and NaBr, although the curves are shifted due to the different affinities of Br -vs Cl -for the SSB protein. In fact, the minimum in ∆C p,obs is sensitive to the association constant for anion binding to SSB at this temperature, since [ (58) (59) (60) as well as from specific and nonspecific interactions of salt ions with both protein and DNA (61, 62) . In addition, preferential hydration can contribute significantly at salt concentrations above 0.50 M (59, 63, 64) . In this study and in our previous work (15) we suggest that the dominant effect of salt on both the enthalpy and heat capacity change for SSB-ssDNA binding is due to a weak interaction of anions with the protein. Although there is evidence that cations also affect SSB-ssDNA complex formation (34, 40) , we do not consider these effects explicitly since we do not observe any influence of cation type on ∆H obs at concentrations >0.10 M (15). a Obtained from the slopes of dependences of ∆Happ,prot (eq 3c) and parameters in Table 1 for the range 5-25°C. b Obtained from the slopes of dependences of ∆Hobs (eq 5a) and the parameters in Table 4 for the range 5-25°C, subtracting the value of ∆Cp,conf (-0.55 kcal mol -1 K -1 ) calculated in the same manner using eq 5b.
c Obtained from experimental data in Table 2 as the difference ∆Cp,corr,F --∆Cp,corr,A, where the latter term is the value at corresponding concentrations of NaCl or NaBr.
The nature of the weak interactions of anions with proteins continues to be a matter of some discussion (55, 56, (65) (66) (67) (68) . These effects are often described as "Hofmeister effects" (69) and are generally attributed to the indirect effects that ions exert through their influences on the structure and hydrogen-bonding properties of water (56, 67, (70) (71) (72) . However, such ions can also interact directly with proteins, although it is difficult to assess quantitatively the different contributions from direct anion binding vs effects on preferential hydration.
In our analysis we have used a simple site-binding model to describe anion binding to the SSB tetramer. Quantitative estimates of the thermodynamic parameters for the binding of Cl -and Br -to SSB presented in Table 4 suggest that Br -binds with a 2-fold higher affinity than Cl
), whereas the enthalpy change for both anions is approximately the same (∆H Cl -≈ ∆H Br -≈ -5.2 kcal/mol). These are within the range of estimates reported for other systems (73) (74) (75) (76) (77) (78) , although these estimates also generally depend on the model used.
Other Models for Salt Effects on ∆H obs and ∆C p,obs . Effects of salt concentration on ∆H obs and ∆C p,obs have been reported for other protein-nucleic acid systems (25, 26, 47, 49, 51, 79) . The effect of [KCl] on ∆H obs and ∆C p,obs for specific and nonspecific binding of E. coli IHF (integration host factor) to a 34 bp DNA fragment was studied using ITC (25) . At low KCl concentration both ∆H obs and ∆C p,obs are large and negative, but their magnitudes decrease nonlinearly as the salt concentration increases. These results, which are similar to those reported here and previously (15) , were interpreted as reflecting the DNA binding dependent disruption of salt bridges on the protein surface formed between cationic (Lys, Arg, and His) and anionic (Asp and Glu) residues (25, 80) . According to this model, at low salt concentrations the salt bridges on the protein are mainly intact in the free protein but are disrupted by DNA binding, resulting in hydration of both cationic and anionic side chains prior to DNA binding. These hydration processes are considered as a primary source of the large and negative values of ∆H obs and ∆C p,obs . The stability of these salt bridges is proposed to decrease with increasing salt concentration and decreasing temperature. As a result, this model predicts a corresponding decrease in ∆H obs and ∆C p,obs with increasing [KCl] .
Although E. coli SSB protein also has a large number of basic side chains that are in close proximity to acidic side chains so that salt bridges could form as suggested for IHF (25) , the salt bridge disruption model does not appear compatible with the observed thermodynamic behavior for SSB-(dT) 70 binding for the following reasons. The salt bridge model does not predict the observed minimum in the dependence of ∆C p,obs on [KCl], which is also observed for IHF binding to DNA (25) . Second, the salt bridge model does not explain the effects of anion type on ∆H obs and ∆C p,obs that we observe for the SSB-(dT) 70 interaction, which were not examined for the IHF-DNA interaction (25) . The thermodynamic linkage model presented in the scheme in Figure 7 can account for both the salt-dependent minimum in ∆C p,obs and the effects of anion type on both ∆H obs and ∆C p,obs .
Summary. The results presented here, along with our previous studies (15) (16) (17) , demonstrate that solution conditions (pH, salt concentration, and type) and temperature can have a profound effect on the observed binding enthalpy and heat capacity change for SSB-ssDNA binding. In fact, the dramatic nonlinear dependence of ∆H obs on temperature indicates that the observed heat capacity change results from contributions from multiple temperature-dependent equilibria that are coupled to the main protein-DNA binding equilibrium and cannot be explained solely on the basis of changes in accessible surface area upon complex formation. For the SSB-ssDNA system, we have documented contributions from the following coupled equilibria: protonation, anion binding, ssDNA base unstacking, and protein conformational changes. These temperature-dependent contributions result in an observed ∆C p,obs that is temperature dependent; ∆C p,obs even changes sign from highly negative to highly positive with increasing temperature. The positive heat capacity change observed at high temperatures appears to be the result of SSB and/or ssDNA conformational transitions within the protein-DNA complex. These effects are further modulated by weak interactions with anions. Table 5 presents our estimates of the various contributions to ∆C p,obs in the low-temperature range (5-25°C) due to protonation (-0.5 to -0.6 kcal mol
), anion binding (-0.2 to -0.6 kcal mol -1 K -1 ), and conformational transitions within the SSB protein and/or changes in ASA (-0.55 kcal mol -1 K -1 ). Each of these processes can contribute approximately equally to the total observed heat capacity change. We further estimate that as much as -1.0 kcal mol -1 K -1 can result from temperature-dependent base unstacking transitions upon binding of SSB to ssDNA that has a high propensity for base stacking, such as oligo(dA) (15) . As a result the total ∆C p,obs for an SSB-ssDNA binding interaction can be very large and negative (up to -2.8 kcal mol -1 K -1 ), even if the intrinsic ∆C p,0 is small. However, at higher temperatures, the overall ∆C p,obs can even become positive. We note that, of the above contributions, only the contribution due to conformational transitions within the SSB protein and/or changes in ASA (-0.55 kcal mol
) can potentially correlate with changes in accessible surface area, suggesting that the "hydrophobic effect" is not the dominant contributor to the observed ∆C p . In fact, it is likely that many of the large negative values of ∆C p,obs observed for other macromolecular interactions are dominated by contributions due to multiple temperature-dependent equilibria that are linked to the main equilibrium of interest, rather than the hydrophobic effect. The data presented here underscore the complexity of macromolecular interactions in solution and the importance of systematically examining the effects of multiple solution factors for any analysis of such interactions.
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APPENDIX
On the basis of the scheme in Figure 7 , the observed equilibrium constant for the binding of (dT) 70 . We model the interaction of anions with SSB by assuming n independent and identical anion binding sites on the SSB tetramer. This introduces two additional terms, P 0A ) (1 + K 0A [A]) n and P 1A ) (1 + K 1A -[A]) n , in the denominator of eq 4, which describe anion binding to M 0 and to M 1 , respectively.
The expression for ∆H obs as a function of temperature and monovalent salt concentration in eq 5a is obtained from eq 4 by applying the van't Hoff relationship, ((∂ ln K obs )/∂T -1 ) p ) -(∆H obs /R), where Z is the denominator in eq 4:
If anions do not bind to the protein, then eq 5a reduces to the equation:
In this analysis, we neglect any intrinsic ∆C p associated with each equilibrium (i.e., d∆H 0 /dT ) d∆H c /dT ) d∆H f / dT ) 0). Thus, we assume that the only parameters in eqs 5a and 5b that are dependent on temperature are the equilibrium constants: K f , K c , K u , K 0A , and K 1A . These temperature dependences can be expressed as in eq 5c, according to the integrated van't Hoff relationship:
where the K i 0 are the equilibrium constants at the reference temperature (T ref ) 298 K). It is worth mentioning that in the calculations using eqs 5a and 5b we can replace the parameters which characterize the conformational transitions within the protein K f 0 , K c 0 , and K u 0 by the corresponding values of n, T f , T c , and T u , reflecting the temperatures defining the transition midpoints of these conformational changes (where K i 0 ) 1). With these assumptions, eq 5c becomes eq 5d:
Direct fitting of the experimental data to eq 5a cannot be performed due to the large number of parameters, many of which are highly correlated. In fact, even after the number of simplifying assumptions discussed below, a total of 12 parameters are needed to describe the three sets of experimental data in NaF, NaCl, and NaBr (see Figure 8) . In fact, we cannot obtain unique estimates for all of these 12 parameters. However, we can provide reasonable estimates for these 12 parameters that are used to demonstrate that the scheme in Figure 7 is able to describe the thermodynamic behavior of the SSB-(dT) 70 interaction reported here.
To obtain a set of 12 parameters needed to describe the three sets of experimental data, we used the following procedure. We first estimated the seven parameters in eq 5b needed to describe the conformational transitions within SSB (T f and ∆H f ), within the SSB-DNA complex (T c and ∆H c ), for SSB unfolding (T u and ∆H u ), and for SSB-(dT) 70 binding (∆H 0 ) for the "reference" set of experimental data obtained in 0.20 M NaF (see Figure 6C , lower curve). We use the NaF data as the reference since we assume that F -does not bind to the SSB protein or its complex with DNA. From inspection of this reference curve, we made initial guesses for T f ≈ 15°C, ∆H f ≈ 15-20 kcal/mol and T c ≈ 50-55°C
, ∆H c ≈ 20 kcal/mol by assessing the overall change in magnitude of ∆H obs over the range of low (5-35°C) and high (35-60°C) temperatures, assuming that the midpoints correspond to T f and T c , respectively. For the unfolding transition we fix ∆H u ) 200 kcal/mol with T u within the range 65-70°C, based on DSC studies of SSB protein (data not shown). We next assigned ∆H 0 ≈ -130 kcal/mol, since according to eq 5b ∆H 0 ≈ ∆H obs at low temperatures. These initial values were refined by successively constraining one, two, or three parameters and fitting for the remaining parameters by nonlinear least-squares analysis using eq 5b.
A description of the effects of salt concentration and type on the dependences of ∆H obs on temperature (eq 5a) requires five additional parameters for each anion type (Cl -and Br -). These include the number of anion binding sites on the SSB protein (n), the association constants (K 0A and K 1A ) at the reference temperature, and the enthalpy changes (∆H 0A and ∆H 1A ) for anion (A ) Cl -or Br -) binding to each form of the SSB protein (M 0 or M 1 ; see the scheme in Figure 7) . We reduced the number of parameters needed for each anion to three as follows. First, we eliminated two parameters by assuming that the affinities and enthalpies of binding of the anions are the same for the two conformations of SSB protein; thus K 0A ) K 1A ) K A and ∆H 0A ) ∆H 1A ) ∆H A (A ) Br -or Cl -). In fact, after fixing the parameters for the conformational transitions (T f , ∆H f , T c , ∆H c , T u , ∆H u , and ∆H 0 ), global fitting of the data in NaBr or NaCl (plus the reference NaF data) results in only slight (less than 10%) differences between K 0A and K 1A and ∆H 0A and ∆H 1A (for each anion, Br -or Cl -). This leaves three parameters for each salt (n, K A , ∆H A ). We assumed further a total number of n ) 16 anion binding sites (4 per subunit). This is based on the assumption that anions that interact with the four lysines (K43, K62, K73, and K87) appear to interact with phosphates of ssDNA (14, 81) . We note that if n is assumed to be smaller as in previous studies (29) , there will be a proportional increase in the magnitude of ∆H A due to the correlation between these parameters. Therefore, a total of 12 parameters are needed to describe the behavior of ∆H obs as a function of salt concentration and temperature. To refine these parameters (two of them are fixed), we globally fit the 0.20 M NaF reference data ( Figure 8A , lower dependence) along with the data in NaCl ( Figure 8B ) or NaBr ( Figure 8C ) to eq 5a. The resulting parameters are listed in Table 4 , which were used to simulate the solid curves in Figure 8A -C.
